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Summary
The suitability of the PMI-based system for efficient 
gene transfer in grape was assessed on V. vinifera ‘Bra-
chetto’ and ‘Chardonnay’ and the rootstock '110 Rich-
ter'. The effect of mannose on non-transformed tissues 
was evaluated during a long culture period in the cru-
cial stages of morphogenesis from callus to plantlet. 
Grape tissues of the genotypes used were affected by 
mannose as the carbohydrate source, damage, however, 
appeared after extremely long culture times. In addi-
tion, plantlets were regenerated from embryogenic calli 
after co-culture with Agrobacterium LBA 4404 carrying 
the manA gene in the PMI-GUS-Intron plasmid based 
on the pNOV2819 vector by Syngenta (Positech® sys-
tem). Plants recovered after selection in the presence of 
mannose were found to be non-transgenic for the manA 
gene. Accordingly, PMI seems to be an unsuitable alter-
native to traditional marker gene selection for success-
ful gene transfer in grape.
K e y   w o r d s :  V. vinifera, positive selection, man-
nose, PMI, marker genes.
A b b r e v i a t i o n s : 2,4-D = 
2,4-dichlorophenoxyacetic acid; BA = 6-benzyladenide; 
Fw = forward primer; GUS = β-glucuronidase; IAA = in-
dole-3-acetic acid; NAA = 2-naphtoxyacetic acid; PMI = 
phosphomannose isomerase; Rv = reverse primer.
Introduction 
Successful gene transfer into plants requires effec-
tive selection to be made between cells that have inserted 
the foreign gene and those that have not. Genes coding 
for antibiotic and herbicide resistance have been the most 
widely used selection markers so far. However, marker 
genes have become one of the controversial issues in the 
debate concerning GMO safety (MARTINELLI and MARIN 
2008) and their impact has been the subject of European 
regulation (EUROPEAN PARLIAMENT AND COUNCIL 2001) and 
of opinion by the European Food Safety Authority (2004). 
Thus, alternative strategies are being studied in the devel-
opment of reliable selection systems (PUCHTA 2003, MIKI 
and MCHUGH 2004).
The approach known as “positive selection” is based 
on marker genes that confer to the transgenic cells a meta-
bolic advantage enhancing their ability to survive in the 
presence of the selective agent (WENCK and HANSEN 2005). 
Among these genes, the manA from Escherichia coli cod-
ing for the phosphomannose isomerase (PMI) enzyme 
[EC 5.3.1.8] has been proposed. 
Once mannose has been taken up by the plant cells, 
it is readily phosphorylated to mannose 6-phosphate by 
the hexokinase enzymes. PMI catalyzes reversible inter-
conversion between mannose 6-phosphate and fructose 
6-phosphate, an intermediate of glycolysis (REED et al. 
2001). In mannitol-metabolising plants, mannose is an im-
portant substrate for carbohydrate translocation and PMI is 
expressed at very high levels (STOOP et al. 1996); in most 
other species, however, PMI is expressed at very low or 
undetectable levels (HEROLD and LEWIS 1977). As a result, 
mannose 6-phosphate accumulates in the cells with lethal 
consequences, such as the blocking of glycolysis by deple-
tion of fructose 6-phosphate and the sequestration of the 
phosphates required for ATP synthesis (WEINER et al. 1992). 
Increased levels of mannose 6-phosphate are also reported 
to affect the glycolysis by inhibiting the phosphoglucose 
isomerase (GOLDSWORTHY and STREET 1965).
Plant cells expressing the manA gene are expected 
to be able to convert effectively mannose 6-phosphate to 
fructose 6-phosphate. This allows the regular flow of glyc-
olysis and provides this pathway with an increased amount 
of its substrate.
Safety assessments of the PMI-based selection system 
have proved that the exogenous expression of the PMI 
protein in plants is safe for humans and animals (DELANEY 
et al. 2008). 
The suitability of the manA gene as a selection marker 
has been proved in a wide range of plant species, such as 
Arabidopsis thaliana (TODD and TAGUE 2001), sugar beet 
(JOERSBO et al. 1998), maize (AHMADABADI et al. 2007), rice 
and golden rice (DATTA et al. 2003; HE et al. 2004), orange 
(BOSCARIOL et al. 2003), hemp (FEENEY et al. 2003), pearl 
millet (O’KENNEDy et al. 2004), sorghum (GAO et al. 2005), 
papaya (ZHU et al. 2005), cabbage (KU et al. 2006), onion 
(ASWATH et al. 2006), wheat (GADALETA et al. 2006), apple 
(DEGENHARDT et al. 2006), almond (RAMESH et al. 2006), 
cucumber (HE et al. 2006), flax (LAMBLIN et al. 2007), 
Torenia fournieri (LI et al. 2007), sugarcane (JAIN et al. 
2007), tomato and potato (SIGAREVA et al. 2004, BŘÍZA et al. 
2008).
In grapevine, the gene transfer technique is a crucial 
tool for functional studies and as a means of improving es-
tablished cultivars. The process of gene transfer in the Vitis 
genus is mainly based on the co-culture of embryogenic 
calli or somatic embryos with Agrobacterium tumefaciens 
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for embryo differentiation (GS1CA) every two months 
(FRANKS et al. 1998). Both media contained NN (NITSCH 
and NITSCH 1969) major elements, MS (MURASHIGE and 
SKOOG 1962) minor elements and Fe-EDTA, B5 (GAMBORG 
et al. 1968) vitamins, 0.1 g·l-1  myoinositol, 60 g·l-1 sucrose 
and 0.4 % phytagel. The GS1CA medium was obtained by 
the addition of 1 μM 6-benzyladenide (BA), 20 μM indole-
3-acetic acid (IAA), 10 μM 2-naphtoxyacetic acid (NAA) 
and 0.25% activated charcoal and pH fix at 6.2. The PIV 
medium was added with 4.5 μM 2,4-dichlorophenoxyace-
tic acid (2,4-D) and 8.9 μM BA and pH adjusted at 5.7. The 
cultures were kept in the dark at 24 + 1°C and the media 
were renewed monthly. 
E v a l u a t i o n   o f   t h e   e f f e c t s   o f   m a n n o s e 
o n   t h e   p l a n t   m a t e r i a l :  The effect of mannose 
was evaluated in three crucial phases of the morphogen-
esis, i.e. embryogenic callus proliferation, somatic embryo 
differentiation, germination and plant micropropagation.
E m b r i o g e n i c   c a l l u s   p r o l i f e r a t -
i o n :  The mannose effect on embryogenic callus prolif-
eration was assessed in the PIV medium where the sucrose 
was replaced with 40 g·l-1 mannose; the positive and the 
negative controls were propagated on sucrose 60 g·l-1 and 
0 g·l-1 respectively. For each genotype and sugar formula-
tion, 4 replicas were set, each one consisting in a 90 mm 
Petri dish in which 7 calli of 5 mm diameter were plat-
ed. Cultures were maintained in the dark at 24 ± 1 °C for 
10 months, monthly subcultured on the same substrate and 
visually evaluated. During the monthly subcultures, callus 
proliferation and aspect (colour, consistency and hydra-
tion) were qualitatively evaluated.
S o m a t i c   e m b r y o   d i f f e r e n t i a t i o n :  The 
efficiency of somatic embryo regeneration on mannose was 
assessed on embryogenic calli deprived of visible embryos 
cultured on the GS1CA medium containing 40 g·l-1 man-
nose. The same substrate containing either sucrose 60 g·l-1 
or no carbohydrates was used for the positive and negative 
controls, respectively. For each genotype and sugar formu-
lation, 4 replicas were set, each one consisting in a 90 mm 
Petri dish containing 7 calli of 5 mm diameter. Cultures 
were maintained for 10 months in the dark at 24 ± 1°C and 
monthly subcultured. Starting from the 4th of the monthly 
subcultures, the number of differentiated embryos was 
counted every 120 d. 
G e r m i n a t i o n   a n d   p l a n t   m i c r o -
p r o p a g a t i o n :  Conversion into plant in the presence 
of mannose was observed during embryo germination and 
further rooting and elongation of the plantlets. Somatic em-
bryos at the torpedo stage were collected from the above-
described calli cultured for 10 months on GS1CA medium. 
Embryos were planted at a rate of 10 embryos/plate on 
germination medium (MARTINELLI et al. 2001) containing 
either mannose 20 g·l-1 or sucrose 15 g·l-1, according to the 
preceding carbohydrate source. For ‘Brachetto’, ‘Chardon-
nay’ and '110 Richter', 50, 50 and 60 embryos respectively 
were selected from the calli grown in the presence of man-
nose. For the positive controls, 40, 52 and 55 embryos, 
respectively, of ‘Brachetto’, ‘Chardonnay‘ and '110 Rich-
ter' were planted on medium supplemented with sucrose. 
Further micropropagation was induced by placing the first 
(MARTINELLI and MANDOLINO 2001). Successful applica-
tions of the biolistic technology have been obtained (BOU-
QUET et al. 2008), while agro-infiltration methods (ZOTTINI 
et al. 2008, SANTOS-ROSA et al. 2008) have been developed 
for the transient expression of exogenes. The selection of 
transgenic cells is usually based on marker genes confer-
ring resistance to antibiotics (nptII – neomycin phospho-
transferase II, hpt – hygromycin phosphotransferase) or 
herbicides (bar – phosphinothricin acetyltransferase, tfdA 
– 2,4-D monooxygenase), nptII being the most widely ap-
plied (BOUQUET et al. 2008). 
To obtain marker-free grapevines, the few literature 
reports on evaluation of strategies based on co-transfor-
mation (DUTT et al. 2008), marker gene removal (DALLA 
COSTA et al. 2009) and positive selection systems, such as 
PMI (REUSTLE et al. 2003, KIEFFER et al. 2004) and D-xy-
lose ketol-isomerase (KIEFFER et al. 2004). 
As for the PMI-based selection, KIEFFER et al. (2004) 
focused on the evaluation of a preliminary, yet crucial, as-
pect of the strategy, i.e. the cytotoxic effects of mannose 
on non-transgenic embryogenic cultures of ‘Chardonnay’. 
Results obtained during short-term observation (9 weeks) 
and restricted to the early stages of morphogenesis high-
lighted the ability of these cultures to grow in the presence 
of mannose as unique carbohydrate source.
REUSTLE and co-workers (2003) transferred the β-glu-
curonidase (GUS) and the manA genes into pro-embryo-
genic masses of V. vinifera ‘Merlot’, ‘Seyval blanc’ and 
V. berlandieri x riparia rootstock and assessed different 
sucrose and mannose ratios. Histochemical GUS assays 
showed the chimeric or non-transgenic nature of the dif-
ferentiated embryos, although no molecular analysis of 
manA insertion and expression nor data on plant regenera-
tion were provided. Nevertheless, in order to fully assess 
the applicability in grape of manA as a selection marker, 
the authors note the need for further optimisations of the 
mannose-based selection management. 
In this framework, our research was aimed to perform 
an extensive assessment of the applicability of the PMI-
based system for the selection of transgenics to be evalu-
ated throughout an already established protocol for gene 
transfer and plantlet regeneration in grape. The research 
was conducted on two important V. vinifera cultivars (‘Bra-
chetto’ and ‘Chardonnay’) and on the rootstock '110 Rich-
ter' (V. berlandieri x rupestris). First, we focused on the 
effect of mannose on non-transformed cultures during a 
long culture period in the crucial stages of morphogen-
esis from callus to plantlet. Then we performed the gene 
transfer experiments and the molecular evaluation of the 
regenerants.
Material and Methods 
P l a n t   m a t e r i a l :  Embryogenic calli of Vitis 
vinifera ‘Brachetto’ and ‘Chardonnay’ and the rootstock 
'110 Richter' (V. berlandieri x rupestris), obtained and cul-
tured as described in MARTINELLI et al. (2001), were em-
ployed. Long-term cultures were preserved by alternating 
the media formulated for callus proliferation (PIV) and 
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MgCl
2
. Amplifications were performed in a Biometra Ther-
mal Cycler under the following conditions: a 2 min dena-
turation step at 95 °C, 30 cycles of [95 °C for 1 min, 60 °C 
for 1 min, 72 °C for 1 min] and a 5 min extension step at 
72 °C. The PCR products were stained with Sybr Green 
(Invitrogen) and observed on 1.5 % agarose gels.
Primer set Fw: 5’- ACAGCCACTCTCCATTC -3’ 
and Rv: 5’- GTTTGCCATCACTTCCAG -3’ [Syngenta 
instructions] was used for the specific amplification of a 
532-bp fragment of the manA gene. In addition, possible 
Agrobacterium contamination was checked with the prim-
ers Fw: 5’-AAAAACAAACTCGCATCCGTCA-3’ and 
Rv: 5’-CTCGGTCGTTTCCATGTTCTTA-3’, designed 
by the Primer3 software (http://biotools.umassmed.edu/
bioapps/primer3_www.cgi); these are expected to amplify 
a 492-bp sequence of the LBA4404 gene dps [DQ078256], 
coding for the decaprenyl diphosphate synthase. Posi-
tive control reactions were set using 10 μl of LBA4404 
pNOV2819 lysate (95 °C, 5 min) as template. Negative 
control reactions were prepared using as a template 100 ng 
of genomic DNA extracted from non-transgenic plants of 
‘Chardonnay’, ‘Brachetto’ and '110 Richter'. In addition, a 
blank reaction (bi-distilled sterile water) was analyzed.
Results and Discussion 
Numerous studies carried out in various plant species 
have proved the suitability of the PMI-based strategy for 
a proper selection of transgenic cells during gene transfer. 
Very little literature is, however, available on grape (REUS-
TLE et al. 2003, KIEFFER et al. 2004) and the results reported 
so far need to be reliably confirmed. In particular, there are 
no data concerning long-term evaluation of the mannose 
effect on grape tissues and no gene transfer experiments 
leading to molecular analysis of regenerated plants.
Our evaluation has been performed during the gene 
transfer protocol we are successfully using in our labora-
tory (DALLA COSTA et al. 2009). Our aim was to consider 
how mannose would effect the main stages of morphogen-
esis from callus to plant. This meticulous work has been 
essential for further evaluation of the PMI-based system 
on plants putatively containing the manA exogenous gene, 
in particular during the selection stage where putatively 
transgenic from non transgenic tissues have to be discrimi-
nated. 
E v a l u a t i o n   o f   t h e   e f f e c t s   o f
m a n n o s e   o n   p l a n t   m a t e r i a l :  The effect 
of mannose used instead of sucrose was compared with 
the standard medium compositions containing sucrose 
(positive controls) and with the complete lack of sugars 
(negative controls). In previous experiments, various man-
nose/sucrose ratios (REUSTLE et al. 2003) or 20 g·l-1 man-
nose (KIEFFER et al. 2004) were employed. Accordingly we 
performed preliminary observations (VACCARI et al. 2007) 
where various mannose concentrations  as well as their 
combinations with sucrose (unpublished) have been evalu-
ated, and set up the critical concentrations of this sugar for 
the present study at 40 g·l-1 for the callus cultures and at 
20 g·l-1for the embryo and the plant cultures. Worth stress-
emerging shoot of each embryo on NN medium free of 
growth regulators and supplemented with mannose 20 g l-1 
or sucrose 15 g·l-1, according to the preceding media. For 
both steps, cultures were kept at 24 ± 1°C with a 16 h pho-
toperiod, 70 μmol·m-2·s-1 cool white lights and the media 
renewed every 2 months.
G e n e   t r a n s f e r :  The manA gene from Es-
cherichia coli (MILES et al. 1984) coding for the phospho-
mannose isomerase enzyme (PMI) was transferred into 
the embryogenic cultures via Agrobacterium tumefaciens 
(HOEKEMA et al. 1983) LBA 4404 carrying the pNOV2819 
plasmid (Syngenta Positech® system, www.positech-
marker.com). In this construct, manA is under the control 
of the constitutive CMPS promoter from Cestrium Yel-
low Leaf Curling Virus (STAVOLONE et al. 2003) and the 
NOS terminator from A. tumefaciens. This plasmid was 
modified in the PMI-GUS-Intron plasmid by cloning into 
the HindIII site an expression cassette from p35SGUSint 
(VANCANNEYT et al. 1990) containing the E. coli gene for 
β-glucuronidase (GUS) between the 35-S promoter and 
terminator from Cauliflower Mosaic Virus. According to 
our protocol (DALLA COSTA et al. 2009), Agrobacterium tu-
mefaciens cultures were initiated at 28 °C on LB-Lennox 
solid medium (Lennox 1955; tryptone 10 g·l-1, NaCl 5 g·l-1, 
yeast extract 5 g·l-1, MgSO
4
 2mM, bactoagar 15 g·l-1, pH 
7.0) supplemented with 15 mg·l-1 rifampicin, 200 mg·l-1 
spectinomycin and 200 mg·l-1 streptomycin. A single colo-
ny was picked, inoculated in the same liquid medium and 
grown at 28°C shaking continuously at 170 rpm until the 
suspension reached an OD
600
 of 0.5. 
Established embryogenic cultures of ‘Chardonnay’, 
‘Brachetto’ and '110 Richter' were used in the experiment. 
Calli were submerged for 5-7 minutes with 10 ml of bacte-
rial suspension in 90 mm sterile Petri dishes, and gently 
shaken before syphoning off the Agrobacterium. Co-cul-
ture was performed on PIV medium in the dark at 24 ± 
1 °C for 48 h. After 3 rinses in sterile water supplemented 
with 300 mg·l-1 cefotaxime, cultures were dried on sterile 
filter paper and grown for 1 month on PIV medium sup-
plemented with 300 mg·l-1 cefotaxime. Calli were subcul-
tured according FRANKS et al. (1998), replacing sucrose 
with 40 g·l-1 mannose. The medium was refreshed month-
ly, progressively reducing the cefotaxime concentration to 
50 mg·l-1. After 1 year, 100 embryos of each genotype at the 
torpedo stage were planted at a rate of 10 embryos/90 mm 
Petri dish on germination medium (MARTINELLI et al. 2001) 
with mannose 20 g·l-1. Within 10 months, the first emerging 
shoot from each embryo was cut and micropropagated on 
NN medium supplemented with mannose 20 g·l-1. Germi-
nation and plant propagation were performed at 24 ± 1 °C 
with a 16 h photoperiod (70 μmol·m-2·s-1 cool white lights) 
and the medium was refreshed every two months.
M o l e c u l a r   a n a l y s i s :  Total genomic DNA 
was extracted from leaves of putatively transgenic plants 
according to DOYLE and DOYLE (1990), adding polyvi-
nylpyrrolidone (PVP) 1 g·l-1 to the isolation buffer. PCR 
amplifications were performed in a total reaction volume 
of 25 μl using the GoTaq® Green Master Mix (Promega). 
Each reaction contained 100 ng of template DNA, 1 U of 
Taq DNA polymerase, 200 μM of each dNTP and 1.5 mM 
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were found when the results obtained from the three geno-
types were compared, i.e. 46 %, 38 % and 30 % respec-
tively for ‘Brachetto’, ‘Chardonnay’ and '110 Richter'.
These results are based on a progressive score of the 
embryos produced within a 10 month period. In addition, 
interesting observations were made by calculating at 4, 
7 and 10 months the mean number of embryos differenti-
ated in the 4 plate replicas set for each genotype cultured 
ing, compared to literature, both concentrations are higher 
than those previously tested and thus adequately elevated 
for a conclusive assessment. Finally, mannose supply was 
optimised after a realistic evaluation of the maintenance 
costs of the cultures, in which we considered the extremely 
high price of mannose and the long-term selection required 
for an efficient transgenic plant recovery.
E m b r y o g e n i c   c a l l u s   p r o l i f e r a t -
i o n:  The effect of mannose on embryogenic callus prolif-
eration was observed during 10 month cultures grown on 
PIV medium supplied with either mannose or sucrose, or 
sugar free. Cell proliferation, resulting in the production of 
callus mass, and culture quality – the latter determined in 
terms of colour, consistency and hydration – were visually 
estimated. 
Positive controls exhibited the growth features usually 
observed over several years of maintenance in our labora-
tory, in terms of both quality and quantity. Negative con-
trols turned black and gradually died over 3 months after 
progressive reduction of proliferation ability. Calli cultured 
on mannose showed moderate proliferation, browning and 
reduction of morphogenic masses only after an extended 
culture period (1 year). However, no clear evidence of a 
lethal outcome could be unambiguously reported. Moreo-
ver, among the three genotypes, differing degrees of sen-
sitivity to mannose were documented, ‘Chardonnay’ being 
the most susceptible and '110 Richter' the most tolerant. In 
Fig. 1, ‘Brachetto’ cultures have been chosen as the rep-
resentative case with respect to these findings, being the 
intermediate example among the three genotypes.
S o m a t i c   e m b r y o   d i f f e r e n t i a t i o n :  Dur-
ing the subcultures performed on the differentiation me-
dium (GS1CA), the gradual embryo development became 
visible (Fig. 2). The persistence of callus morphogenic 
competence was evaluated over 10 months by considering 
the quality and quantity of the somatic embryos differenti-
ated on GS1CA medium supplemented with either man-
nose or sucrose or sugar free. Within a 10 month-period, 
all the calli grown on mannose and sucrose continued to 
differentiate somatic embryos, while negative controls pro-
duced a negligible amount of embryos and progressively 
extinguished within 3 months. 
The efficiency evaluation was assessed by keeping 
count of the number of embryogenic events progressively 
regenerated for ‘Chardonnay’, ‘Brachetto’ and '110 Rich-
ter' in the presence of sucrose, mannose or in the sugar-free 
medium. Starting from the 4th month of culture, the pro-
duction of somatic embryos was scored three times (at 4, 
7 and 10 months), by means of the removal with a sterile 
forceps of all visible embryos. For each genotype, morpho-
genesis efficiencies were calculated on the mean of the to-
tal number of somatic embryos progressively produced per 
plate replica in the three carbohydrate sources, and were 
expressed as percentages (Tab. 1).
In the presence of both carbohydrates, all three gen-
otypes tested were found to maintain their morphogenic 
competence since the calculated efficiencies were high. 
The highest levels were found in the positive controls, i.e. 
in the presence of sucrose, with '110 Richter' performing 
best (69 %). Different degrees of sensitivity to the mannose 
Fig. 1: Effect of carbohydrate source on the proliferation of ‘Bra-
chetto’ embryogenic calli cultured on PIV medium at 0, 70, and 
300 d. The callus cultured on sucrose (positive controls) shows 
active proliferation and morphogenic masses at early embryo-
genic stages are visible. In the sugar-free medium (negative con-
trols) cultures died out within 3 months, while in the presence of 
mannose a moderate proliferation and progressive browning and 
reduction of morphogenic masses were observed starting from 
70 d. Scale:                            1 cm. 
Fig. 2: Effect of mannose on somatic embryo of ‘Chardonnay’, 
‘Brachetto’ and '110 Richter' induced to differentiate on GS1CA 
medium for 250 d. In the medium formulated for differentiating 
and developing somatic embryos, in the presence of both carbo-
hydrates, morphogenic competence is maintained in all geno-
types and embryo differentiation at various developmental stages 
(from globular to cotyledonary embryo) is visible. However, in 
the mannose-containing medium, while '110 Richter' developed 
embryos with canonical shape (polarization of the root and shoot 
axes and the presence of a hypocotyl and two cotyledons), ‘Char-
donnay’ and ‘Brachetto’ regenerated abnormal somatic embryos 
with various teratologies (fused cotyledons, giant size and vitrifi-
cation). Scale:                          1 cm. 
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G e r m i n a t i o n   a n d   p l a n t   m i c r o -
p r o p a g a t i o n :  The ability of the embryos to convert 
into plantlets was assessed on individual embryos at the 
torpedo stage from the GS1CA medium described above, 
planted on germination medium (MARTINELLI et al. 2001) 
and supplemented with either mannose or sucrose accord-
ing to the nature of the preceding carbohydrate source. 
The germination efficiencies were obtained by calculating 
the percentages of the embryos giving rise to at least one 
shoot. The percentages of dead embryos were also consid-
ered, whilst alive embryos failing to germinate were kept 
in cultures until the end of the experiment and were not 
included in these scores (Tab. 2). This first step of embryo 
conversion into plants was obtained on both mannose- and 
sucrose-containing medium in all the three genotypes. 
In the presence of mannose, however, ‘Chardonnay’ and 
‘Brachetto’ exhibited the lowest efficiencies of first shoot 
regeneration and the highest percentage of dead embryos, 
while '110 Richter' was less affected by this sugar. 
The ability of the seedlings to develop whole plant-
lets during micropropagation was also determined by con-
sidering root production. The first emerging shoot of each 
germinating embryo was cut and planted on NN medium 
containing either mannose or sucrose. For each genotype 
and carbohydrate source, the efficiencies of plant recovery 
were calculated as the percentage of rooted plantlets on the 
plated germinating embryos. Among the three genotypes, 
only '110 Richter' plantlets proved to be capable of rooting 
on mannose (Tab. 3). 
In this part of the work, we have carried out a long-
term evaluation of the mannose effect on the grape tissues 
of three genotypes during crucial stages of morphogenesis 
such as embryogenic callus proliferation, embryo regener-
ation and plant recovery. During the steps leading from cal-
lus to plant, the three genotypes reacted differently to man-
nose, '110 Richter' being the least affected in all the stages 
on mannose-containing medium (Fig. 3). Whilst ‘Brachet-
to’ and '110 Richter' showed a positive trend in embryo 
production, the gradual decrease in embryo number found 
with ‘Chardonnay’ confirmed the higher sensitivity to man-
nose of this genotype.
Moreover, different morphological features were 
found in the embryos produced in the mannose-contain-
ing medium. ‘Chardonnay’ and ‘Brachetto’ regenerated 
somatic embryos with teratologies, such as fused cotyle-
dons, giant size and vitrification, that were already dramat-
ically evident from the torpedo stage (Fig. 2). Conversely, 
'110 Richter' developed embryos showing the canonical 
shape, i.e. polarization of the root and shoot axes and the 
presence of a hypocotyl and two cotyledons (MARTINELLI 
and GRIBAUDO 2009). In addition to this morphogenic ca-
pability and despite the lowest efficiency, the embryos of 
this genotype cultured on mannose were characterized by 
a faster development compared with its positive control on 
sucrose (Fig. 2).
Fig. 3: Numbers of embryos of ‘Chardonnay’, ‘Brachetto’ and 
'110 Richter' differentiated at 4, 7 and 10 months on GS1CA me-
dium containing mannose. The regenerated embryos are reported 
as mean numbers of 4 plate replicas (Mean embryos/plate).
T a b l e   1
Effect of mannose on the morphogenic efficiencies of non-transgenic cultures. Within a 10 month culture, 
numbers of somatic embryos differentiated were scored for each genotype and sugar treatment (Total embryos 
N). The mean numbers of somatic embryos produced in 4 plate replicas (N mean) supplemented with either 
sucrose 60 g·l-1 (positive control), mannose 40 g·l-1 or no sugar (negative control) were calculated for 'Chardon-
nay', 'Brachetto' and '110 Richter'. During culture progression, at 4, 7 and 10 months, the percentages (%) of 
embryos produced were calculated out of the mean of the total embryos of each genotype (mean tot.), i.e. 2115 
for 'Chardonnay', 2004 for 'Brachetto' and 1418 for '110 Richter'
Genotype
Carbohydrate 
source
Total embryos
N
4 months 7 months 10 months
N mean % N mean % N mean %
Chardonnay sucrose 4992 288 14 748 35 1248 59
mannose 3216 290 14 595 28 804 38
no sugar 256 64 3 64 3 64 3
mean tot. 2115
Brachetto sucrose 4224 136 7 556 28 1056 53
mannose 3732 188 9 486 24 933 46
no sugar 60 15 1 15 1 15 1
mean tot. 2004
110 Richter sucrose 388 342 24 478 34 978 69
mannose 1728 33 2 198 14 432 30
no sugar 32 8 1 8 1 8 1
mean tot. 1418
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considered. Conversely, ‘Chardonnay’ and ‘Brachetto’ so-
matic embryos exhibited teratologies and no plant-rooting 
capabilities. However, no clear evidence of lethal effect 
was generally observed in the embryogenic calli grown on 
mannose, even after long-term exposure (10 months) to the 
selective substrate.  
Although non-transgenic cultures were found able to 
grow on mannose, we considered that this result may not 
fully exclude the suitability of the PMI-based selection 
strategy. For this reason, we felt it necessary to complete 
the present study with gene transfer experiments with the 
aim of comparing the behaviour of non-transgenic and pu-
tatively transgenic cultures in the presence of mannose as 
a sugar source and as selective agent as well. Cells with 
manA, in fact, are expected to have a selective advantage 
over the wild-type tissues due to the expression of PMI. 
Thus, regeneration of transgenic plantlets should be ex-
pected. 
P r o d u c t i o n   a n d   e v a l u a t i o n   o f 
p u t a t i v e l y   t r a n s g e n i c   p l a n t s :  After 
gene transfer via Agrobacterium, the embryogenic calli 
were subcultured for 12 months according to FRANKS et al. 
(1998) in the presence of mannose as exclusive carbohy-
drate source. At least one-year selection on mannose was 
carried out on the basis of the results obtained during the 
previously described assays. Proliferation of the putative 
transgenic cultures was found to be quantitatively and 
qualitatively very similar to the non-transformed ones (not 
shown). Further somatic embryo germination and conver-
sion into plants was obtained following persistent selection 
on mannose-containing media, according to the plant re-
generation protocol adopted for the non-genetically modi-
fied cultures. 
Putatively transgenic embryos at the torpedo stage 
were then set on mannose-containing regeneration medi-
um for germination induction. The three genotypes showed 
different efficiencies, germinated embryos being 18 %, 3 % 
and 40 % respectively of the embryos planted from ‘Char-
donnay’, ‘Brachetto’ and '110 Richter' (100 plated embryos 
per genotype) (Tab. 2). 
The first shoot produced from these embryos was 
planted on NN medium containing mannose. While no 
plants were obtained from ‘Brachetto’, both ‘Chardonnay’ 
and '110 Richter' somatic embryos converted into plants 
with high efficiencies (Tab. 3) originating respectively 
8 and 18 potentially distinct lines, which were used for the 
PCR assays. 
The primer sets designed for amplifying the manA 
gene and the Agrobacterium dps gene proved to be suitable 
for screening the putatively transgenic plants. In fact, no 
aspecific product was found where DNA extracted from 
the non-transgenic plants was used as template. Further-
more, analysis of the bacterial lysate gave both the expect-
ed bands.
T a b l e   3
Rooting capabilities of non-transgenic and putatively transgenic 
germinated embryos. For each genotype and carbohydrate source, 
the number of germinated embryos (N) and the number of plant-
lets rooted (N) from these latter during a 10-months micropropa-
gation is reported
Genotype
Carbohydrate 
source
Germinated 
embryos
Rooted plants
N N
non-transgenic 
Chardonnay
sucrose 14 7
mannose 6 0
Brachetto
sucrose 7 4
mannose 3 0
110 Richter
sucrose 14 5
mannose 23 11
putatively transgenic 
Chardonnay mannose 18 8
Brachetto mannose 3 0
110 Richter mannose 40 19
T a b l e   2
Germination efficiencies of non-transgenic and putatively transgenic somatic embryos. The percentages (%) 
of germinated and dead embryos were calculated out of the total numbers of embryos planted (N) for each 
genotype and carbohydrate source within a 10-month culture. Some embryos, even if not died out, failed to 
germinate and their number were not reported in the table, as in the case of the samples labelled with (*)
Genotype
Carbohydrate
source
N
Germinated embryos (%) Dead  embryos (%)
4 
months
7 
months
10 
months
4 
months
7 
months
10 
months
Chardonnay
non-transgenic 
sucrose 52     15      27    27 38 42    73
mannose 60       0        0    10 32 62    90
Brachetto
sucrose 40       3      13    18 15 48    82
mannose 50       0        4      6 40 82    94
110 Richter
sucrose 55     13      24    27 (*) 42 58    82 (*)
mannose 51     22      43    45 14 33    55
putatively transgenic 
Chardonnay mannose 100     16      18    18 (*) 53 69    76 (*)
Brachetto mannose 100       1        1      3 (*) 56 70    84 (*)
110 Richter mannose 100     32      32    40 (*) 50 58    46 (*)
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IVV-CNR, Grugliasco Unit, Turin, Italy) for respectively sharing 
with us the PMI-GUS-Intron plasmid and the embryogenic calli 
and T. SAY for editing the manuscript. 
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proving the non-transgenic nature of the plants obtained. 
Conclusion
The present research was based on a thorough assess-
ment of the suitability of the PMI-based system for efficient 
gene transfer in grape. The effect of mannose on crucial 
stages of non-transgenic tissue cultures from embryogenic 
callus to plant recovery and rooting, and the mannose se-
lection of cultures during manA gene transfer experiments 
have been evaluated.
The results obtained with ‘Chardonnay’, ‘Brachetto’ 
and '110 Richter' show that grape tissues are affected by 
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ever, appears after extremely long culture times, and in 
particular during embryo germination. Moreover, the de-
gree of tolerance to this sugar was found to be related to 
the genotype. As a consequence, the ambiguous results 
arising during embryogenic callus propagation may lead 
to erroneous conclusions since evaluation of the mannose 
effect may be prone to operator error and not based on ob-
jective assessment of the callus appearance. This fact is 
particularly relevant considering that embryogenic callus 
is the morphogenic stage most commonly adopted for gene 
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Above all, the plants regenerated after the manA gene 
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to be non-transgenic. We already pointed out some disad-
vantage of the application in grape of the mannose-based 
selection protocol, such as the need of time-consuming and 
expensive maintenance. However, it is the non-transgenic 
nature of the regenerants to provide the conclusive dem-
onstration of the failure of the mannose selection strategy. 
In fact, the crucial requisite of a proficient selection step 
is to prevent proliferation and morphogenesis of wild-type 
tissues while on the same time allowing transgenic cells to 
undergo proliferation and regeneration. 
In light of our results and considering the high cost of 
mannose compared to cheaper selective agents, PMI seems 
to be an unsuitable alternative to traditional marker gene 
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Acknowledgements
This research was supported by the Autonomous Province of 
Trento (Project EcoGenEtic.Com). The authors wish to thank V. 
POLETTI for excellent technical help, Syngenta for providing the 
pNOV2819 plasmid (Positech® system), G. REUSTLE (RLP Agro-
science GmbH, AlPlanta Institute fϋr Pflanzenforschung, Neustad 
a/Weinstraβe, Germany) and I. GRIBAUDO (Plant Virology Institute 
 144 I. VACCARI and L. MARTINELLI
MURASHIGE, T.; SKOOG, F.; 1962: A revised medium for rapid growth and 
bioassays with tobacco cultures. Physiol. Plant. 15, 473-497.
NITSCH, J. P.; NITSCH, C.; 1969: Haploid plants from pollen grains. Science 
163, 85-87.
O’KENNEDY , M. M.; BURGER, J. T.; BOTHA, F. C.; 2004: Pearl millet trans-
formation system using the positive selectable marker gene phos-
phomannose isomerase. Plant Cell Rep. 22, 684-690.
PUCHTA, H.; 2003: Marker-free transgenic plants. Plant Cell Tiss. Org. 
Cult. 74, 123-134.
RAMESH, S.; KAISER, B.; FRANKS, T.; COLLINS, G.; SEDGLEY, M.; 2006: Im-
proved methods in Agrobacterium-mediated transformation of al-
mond using positive (mannose/pmi) or negative (kanamycin resist-
ance) selection-based protocols. Plant Cell Rep. 25, 821-828.
REED, J.; PRIVALLE, L., POWELL, M.; MEGHJI, M.; DAWSON, J.; DUNDER, 
E.; SUTTIE, J.; WENCK, A.; LAUNIS, K.; KRAMER, C.; CHANG, Y. F.; 
HANSEN, G.; WRIGHT, M.; 2001: Phosphomannose isomerase: an ef-
ficient selectable marker for plant transformation. In Vitro Cell. Dev. 
Biol.-Pl. 37, 127-132.
REUSTLE, G. M.; WALLBRAUN, M.; ZWIEBEL, M.; WOLF, R.; MANTHEY, T.; 
BURKHARDT, C.; LERM, T.; VIVIER, M.; KRCZAL, G; 2003: Selectable 
marker systems for genetic engineering of grapevine. Acta Hortic. 
603, 485-490.
SANTOS-ROSA, M.; POUTARAUD, A.; MERDINOGLU, D.; MESTRE, P.; 2008: De-
velopment of a transient expression system in grapevine via agro-
infiltration. Plant Cell Rep. 27, 1053-1063.
SIGAREVA, M., SPIVEY, R.; WILLITS, M.; 2004: An efficient mannose selec-
tion protocol for tomato that has no adverse effect on the ploidy level 
of transgenic plants. Plant Cell Rep. 23, 236-245.
STAVOLONE, L.; KONONOVA, M.; PAULI, S.; 2003: Cestrum yellow leaf curl-
ing virus (CmYLCV) promoter: a new strong constitutive promoter 
for heterologous gene expression in a wide variety of crops. Plant 
Mol. Biol. 53, 703-713.
STOOP, J. M. H.; WILLIAMSON, J. D.; PHARR, D. M.; 1996: Mannitol me-
tabolism in plants: a method for coping with stress. Trends Plant 
Sci. 1, 139-144.
TODD, R.; TAGUE, B.W.; 2001: Phosphomannose isomerase: a versatile se-
lectable marker for Arabidopsis thaliana germ-line transformation. 
Plant Mol. Biol. Rep. 19, 307-319.
VACCARI, I.; POLETTI, V.; MARTINELLI, L.; 2007: Evaluation of Phospho-
mannose Isomerase Gene as Alternative to Antibiotic Resistance 
for Vitis Gene Transfer. Proc. InVitro Congress on In vitro Biology, 
Indianapolis, IN, USA, June 9-13, 2007, In Vitro Cell. Developm. 
Biol. 43, 59-60.  
VANCANNEYT, G.; SCHMIDT, R.; O’CONNOR-SANCHEZ, A.; WILLMITZER, L.; 
ROCHA-SOSA, M.; 1990: Construction of an introne-containing mark-
er gene: splicing of the introne in transgenic plants and its use in 
monitoring early events in Agrobacterium-mediated plant transfor-
mation Mol. Genet. Genomics 220, 245-250.
WENCK, A.; HANSEN, G.; 2005: Positive selection. In: L. PEÑA (Ed.): Meth-
ods in molecular biology, vol. 286. Transgenic plants: methods and 
protocols, 227-236. Humana Press Inc., Totowa.
WEINER, H.; MCMICHAEL, R. W. JR.; HUBER, S. C.; 1992: Identification of 
factors regulating the phosphorylation status of sucrose-phosphate 
synthase in vivo. Plant Physiol. 99, 1435-1442.
WRIGHT, M.; DAWSON, J.; DUNDER, E.; 2001: Efficient biolistic transforma-
tion of maize (Zea mays L.) and wheat (Triticum aestivum L.) using 
the phosphomannose isomerase gene, pmi, as the selectable marker. 
Plant Cell Rep. 20, 429-436.
ZHU, Y.; AGBAYANI, R.; MCCAFFERTY, H.; ALBERT, H.; MOORE, P.; 2005: 
Effective selection of transgenic papaya plants with the PMI/Man 
selection system. Plant Cell Rep. 24, 426-432.
ZOTTINI, M.; BARIZZA, E.; COSTA, A.; 2008: Agroinfiltration of grapevine 
leaves for fast transient assay of gene expression and for long-term 
production of stable transformed cells Plant Cell Rep. 27, 845-853.
Received March 3, 2009
GAO, Z. S.; XIE, X. J.; LING, Y.; MUTHUKRISHNAN, S.; LIANG, G. H.; 2005: 
Agrobacterium tumefaciens-mediated sorghum transformation us-
ing a mannose selection system. Plant Biotechnol. J. 3, 591-599.
GOLDSWORTHY, A.; STREET, H. E.; 1965: The carbohydrate nutrition of to-
mato roots VIII. The mechanism of the inhibition by D-mannose of 
the respiration of excised roots. Ann Bot 29, 45-48.
HE, Z.; DUAN, Z. Z.; LIANG,W.; CHEN, F.; YAO, W.; LIANG, H.; YUE, C.; 
SUN, Z.; CHEN, F.; DAI, J.; 2006: Mannose selection system used for 
cucumber transformation. Plant Cell Rep. 25, 953-958.
HE, Z.; FU, Y.; SI, H.; HU, G.; ZHANG, S.; YU, Y.; SUN, Z.; 2004: Phos-
phomannose-isomerase (pmi) gene as a selectable marker for rice 
transformation via Agrobacterium. Plant Sci. 166, 17-22.
HEROLD, A.; LEWIS, D. H.: 1977: Mannose and green plants: occurrence, 
physiology and metabolism, and use as a tool to study the role of 
orthophosphate. New Phytol 79, 1-40.
HOEKEMA, A.; HIRSCH, P. R.; HOOYKAAS, P. J. J.; SCHILPEROORT, R. A.; 
1983: A binary plant vector strategy based on separation of vir- and 
T-region of the Agrobacterium tumefaciens Ti-plasmid. Nature 303, 
179-180.
JAIN, M.; CHENGALRAYAN, K.; ABOUZID, A.; GALLO, M.; 2007: Prospect-
ing the utility of a PMI/mannose selection system for the recovery 
of transgenic sugarcane (Saccharum spp. hybrid) plants. Plant Cell 
Rep. 26, 581-590.
JOERSBO, M.; DONALDSON, I.; KREIBERG, J.; PETERSEN, S. G.; BRUNSTEDT, J.; 
OKKELS, F. T.; 1998: Analysis of mannose selection used for trans-
formation of sugar beet. Mol. Breed. 4, 111-117.
KIEFFER, F.; TRIOULEYRE, C.; BERTSCH, C.; FARINE, S.; LEVA, Y.; WALTER, B.; 
2004: Mannose and xylose cannot be used as selectable agents for 
Vitis vinifera L. transformation. Vitis 43, 35-39.
KU, J. J.; PARK, Y. H.; PARK, Y. D.; 2006: A non-antibiotic selection sys-
tem uses the phosphomannose-isomerase (PMI) gene for Agrobac-
terium-mediated transformation of Chinese cabbage. J Plant Biol. 
49, 115-122.
LAMBLIN, F.; AIMÉ, A.; HANO, C.; ROUSSY, I.; DOMON, J. M.; VAN DROOG-
ENBROECK, B.; LAINÉ, E.; 2007: The use of the phosphomannose iso-
merase gene as alternative selectable marker for  Agrobacterium-
mediated transformation of flax (Linum usitatissimum). Plant Cell 
Rep. 26, 765-772.
LENNOX, E. S.; 1955: Transduction of linked genetic characters of the host 
by bacteriophage P1. Virology 1, 190-206.
LI, H. Q.; KANG, P. J.; LI, M. L.; 2007: Genetic transformation of  Torenia 
fournieri using the PMI/mannose selection system. Plant Cell Tiss. 
Org. Cult. 90, 103-109.
MARTINELLI, L.; MARIN, F.; 2008: A trans-disciplinary approach to face 
transgenics: from laboratory to society. In: F. MOLFINO, F. ZUCCO 
(Eds): Women in Biotechnology, creating interfaces, 277-284. 
Springer Science + Business Media B.V., Dordrecht.
MARTINELLI, L.; GRIBAUDO, I.; 2009: Strategies for effective somatix em-
bryogenesis in grapevine (Vitis spp.): an appraisal. In: K. A. ROUBE-
LAKIS-ANGELAKIS (Ed.): Grapevine molecular physiology & Biotech-
nology, 2nd ed., 461-494. Springer Science + Business Media B.V., 
NL.
MARTINELLI, L.; GRIBAUDO, I.; BERTOLDI, D.; CANDIOLI, E.; POLETTI, V.; 
2001: High efficiency somatic embryogenesis and plant germina-
tion in grapevine cultivars Chardonnay and Brachetto a grappolo 
lungo. Vitis 40, 111-115.
MARTINELLI, L.; MANDOLINO, G.; 2001: Genetic transformation. In Vitis. In: 
Y. P. S. BAJAJ (Ed.): Biotechnology in Agriculture and Forestry,Vol 
47. Transgenic crops, 2 ed., 325-338. Springer-Verlag, Berlin.
MIKI, B.; MCHUGH, S.; 2004: Selectable marker genes in transgenic 
plants: applications, alternatives and biosafety. J. Biotechnol. 107, 
193-232.
MILES, J. S.; GUEST, J. R.; 1984: Nucleotide sequence and transcriptional 
start point of the phosphomannose isomerase gene (manA) of Es-
cherichia coli. Gene 32, 41-48.
